Early detection of hepatitis is critical for proper patient management and improving disease prognosis. Ultrasound imaging is ideally suited for early-stage assessments, but conventional ultrasound images based on backscatter do not display quantitative tissue information because conventional ultrasound lacks essential modeling of the complex interaction between ultrasound and liver tissue in normal and diseased states. Therefore, speed-of-sound (SOS) measurements were obtained from three types of rat livers (normal, fatty, and fibrosis). Livers were harvested, fixed, and embedded in paraffin; a single 10-μm thin section was obtained using a microtome and placed on a microscope slide. A scanning acoustic microscope incorporating transducers operating at 80-MHz and 250-MHz center frequencies was used to scan the 10-μm section. An adjacent 4-μm thin section was stained with H&E (normal and fatty livers) or Azan (fibrosis livers). The SOS measured with both transducers displayed the same trend: SOS in fatty liver was lower than in normal liver and SOS in fibrosis liver was higher than in normal liver. SOS differences were greater at 250 MHz because of the improved spatial resolution, which allowed choosing regionof-interests containing only fat or fibrosis tissue. These initial results also were used to correlate the pathologic state with the SOS.
INTRODUCTION
Liver fibrosis is the scarring process that occurs in response to injury. The liver repairs injury through deposition of collagen. Normal human liver is composed of small hexagonal cylindrical structures termed liver lobules. A liver lobule is about 1.0-1.5 mm in diameter and height. These structures contain collections of liver cells surrounding a small central vein and small hepatic portal veins at the apexes. Conceivably, these veins are the tissue structures responsible for ultrasound scattering in normal liver. Fibrosis in response to injury replaces liver lobules permanently with a regenerative nodules consisting primarily of connective tissue. Therefore, the original, fine, lobular structure changes to a different, coarse, nodular structure as fibrosis progresses. Inside the regenerative nodules, the liver tissue becomes necrotic and homogeneous, and on the outside, new fibrous tissues form around the nodule. In fibrotic liver, inhomogeneous fibrotic elements become strong ultrasound scatterers. The sizes of the nodules and the volume of their constituent fibers differ with the type of fibrosis; these properties also change with disease progression.
Nonalcoholic fatty liver disease (NAFLD) is one of the most-common causes of chronic liver injury in many countries. A wide range of histologic changes can occur with NAFLD extending from simple steatosis, which is generally non-progressive, to nonalcoholic steato hepatitis (NASH), liver cirrhosis, liver failure, and hepatocellular carcinoma. As a consequence of these diseases, liver function and blood flow become greatly affected. The risks of liver cancer and serious complications including portal hypertension and liver failure are greatly increased once cirrhosis develops; therefore, cirrhosis should be considered to be a pre-malignant condition. Cirrhosis and liver cancer are among the major causes of death worldwide now.
Liver biopsy is considered the gold standard for diagnosing diffuse liver disease as well as for staging fibrosis in patients with NASH. However, this procedure is invasive and associated with a relatively high risk of complications. Yet, early detection of hepatitis is critical for proper patient management and improving disease prognosis. Ultrasound imaging is ideally suited for early-stage assessments, but conventional ultrasound images based on backscatter do not display quantitative tissue information because conventional ultrasound does not incorporate modeling of the complex interactions between ultrasound and liver tissue in normal and diseased states.
METHODS
Three kinds of rat models were developed at Chiba University. First, normal livers were obtained from rats bred with normal food and were used as controls. Second, fatty livers were obtained from rats fed with a high-calorie diet. Third, fibrotic livers were obtained from rats injected subcutaneously twice a week with a fibrosis-inducing agent from 6 weeks to 18 weeks of age. The agent was composed of carbon tetrachloride in olive oil, in equal proportions, and the injected amount of each compound was 1.5 ml/kg BW.
Two normal, two fatty, and two fibrotic livers were harvested, fixed, and embedded in paraffin. From each specimen, a central 4-ȝm thin section was stained with H&E (normal and fatty livers) or Azan (fibrotic livers) for histology assessment to verify the actual pathologic state.
An adjacent a single 10-ȝm thin section was placed on a microscope slide and scanned using a modified scanning acoustic microscope (AMS-50SI; Honda Elec.) incorporating transducers operating at 80-and 250-MHz center frequencies. The spatial resolutions of 80-and 250-MHz transducers were 20-and 4-ȝm, respectively. Distilled water was used as the coupling medium between the sample and the ultrasonic transducer. Each liver was scanned in two dimensions, and RF echo signals were digitized with 8-bit precision at a sampling frequency of 2 GHz. Two-dimensional (2-D) images of the SOS and the attenuation were obtained by processing the raw RF echo signals at each pixel location. The image sizes were 2.4 mm × 2.4 mm and 0.6 mm × 0.6 mm using the 80-and 250-MHz transducers, respectively, and all images contained 300 x 300 pixels. (Fig. 1a) and the Azan-stained pathological image (Fig. 1b) of one of the fibrotic livers. On these images, fibers with thicknesses of 10-μm (or less) are easily visualized on the peripheries of the liver lobules; they have a relatively high speed of sound of approximately 1700 m/s on the SOS image and appear blue on the Azan-stained histology image. Table. 1 displays the SOS and the attenuation values calculated by averaging all the values within 11 regions of interest (ROIs) from each 2-D image of all six livers. The ROIs were square with a length of 60-and 12-ȝm for the 80-and 250-MHz data, respectively. In normal liver, the ROIs were placed so that they did not contain blood vessels. For fatty and fibrotic livers, the ROIs were placed so that they included almost only fat or fibers, respectively. The SOS and attenuation values of normal livers were consistent with published values [1, 2] . In fatty livers, the SOS value was lower and the attenuation value was higher than the values measured in normal livers. This finding also was in agreement with published values for fat [1, 2] . One of the main factors that affects the SOS and attenuation values is the smaller mass density of fatty tissue compared to normal tissue [3] . Furthermore, the SOS and attenuation values were higher in fibrotic liver than in normal livers. These results can be explained by the higher mass density of fibrotic tissue than normal tissue [3] . Table I also shows that SOS and attenuation differences were greater at 250 MHz between liver types because of the improved spatial resolution, which allowed more-optimal placement of ROIs to contain only fatty or fibrotic tissue. 
RESULTS

Figure 1 displays the 2-D image of the SOS
CONCLUSIONS
These studies show that fine-resolution measurements allowed by very-high-frequency ultrasound can provide accurate measurements of acoustic properties of different tissue constituents. These measurements can effectively characterize liver state, in particular, to characterize the case where fat and fibers are intermingled (e.g., in NASH liver). However, in order to perform accurate QUS-based diagnosis, the measurement of the structural acoustic properties using conventional-frequency ultrasound is essential. By combining these measurements, models of threedimensional acoustic characteristics that include precise, frequency-dependent, attenuation properties can be developed and used to develop effective QUS methods for reliable, clinically usable liver assessments.
